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1.0  INTRODUCTION 

It  is  well  known  that  the  nature  of  surfaces  can  markedly  affect 
semiconductor  device  behavior.  Semiconductor  technology  has  advanced 
to  a point  where  by  using  the  wide  variety  of  compound  semiconductors 
which  are  available,  it  is  often  possible  to  design  a device  to  meet 
desired  electrical  properties.  The  use  of  compound  semiconductors  has 
increased  considerably  the  problem  of  surface  passivation  and  for  several 
compound  semiconductor  systems  it  is  found  that  the  deviation  between 
device  design  expectations  and  performance  is  directly  attributable  to 
surface  properties.  At  present,  it  appears  that  most  new  semiconductor 
systems  require  unique  surface  passivation  techniques  and  that  these 
techniques  must  largely  be  discovered  by  trial  and  error.  Compared  to 
the  information  and  basic  understanding  which  permits  the  design  of  a 
particular  device,  very  little  information  exists  which  predicts  a 
passivation  technique  that  will  be  suitable  for  a particular  semiconductor 
material . 

A first  step  toward  the  goal  of  understanding  the  electronic  properties 
of  a semiconductor  surface  involves  knowledge  of  the  composition  of  a 
surface  and  how  surface  composition  variations  affect  electrical  properties. 
Several  surface  sensitive  electron  spectroscopic  tools  have  been  developed 
during  the  last  few  years  which  permit  the  study  of  both  the  electrical  and 
chemical  conposition  of  the  outermost  few  atomic  layers  of  a surface. 

These  techniques  Include  both  ESCA  (electron  spectroscopy  for  chemical 
analysis)  and  Auger  spectroscopy. 

The  program  pursued  under  this  contract  was  initiated  in  January  1975. 
Pb^SnJe  was  chosen  as  the  initial  material  for  Investigation  because  of  its 
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long  history  of  surface  leakage  difficulties  and  due  to  its  ready  avail- 
ability as  a result  of  the  far-infrared  imaging  program  being  carried  out 
in  our  laboratory.  The  initial  goal  was  to  determine  if  surface  leakage 
could  be  correlated  with  surface  composition  as  determined  by  ESCA  and 
this  has  been  accomplished.  In  addition,  a potential  passivant  for 
Pb^_xSnxTe  at  77°K,  namely  elemental  Te°,  has  been  identified  and  the  Te° 
layer  thickness  useful  for  passivation  has  been  determined.  Also,  a 
dimensional  analysis  model  has  been  developed  to  separate  bulk  and 
surface  contributions  to  leakage  currents.  This  work  was  recently  published 
and  is  reproduced  in  Section  2 of  this  report.  In  Section  3,  additional 
research  results  related  to  both  Pb,  Sn  Te  and  InAs,  Sb  are  presented. 

I A A I A A 
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2.0  ESCA  SURFACE  STUDIES  OF  Pb,  .Sn.Te  DEVICES 
1 -x — x 

The  work  reported  in  this  section  has  been  published: 

R.  W.  Grant,  J.  G.  Pasko,  J.  T.  Longo  and  A.  M.  Andrews,  J.  Vac.  Sci. 
Technol.  13,  940-7  (1976). 

ABSTRACT 


ESCA  studies  have  been  carried  out  on  a number  of  Pb^Sn^Je 
surfaces  with  the  goal  of  correlating  surface  chemistry  with  surface 
leakage  currents  observed  in  pb^_xSnxTe  infrared  detectors.  A diode 
array  structure  has  been  developed  which  permits  I-V  and  ESCA  measure- 
ments to  be  carried  out  on  the  same  surface.  It  is  possible  to  re- 
process this  array  to  change  the  surface  chemistry  without  altering  the 
bulk  semiconductor  characteristics.  ESCA  results  have  established  the 
existence  of  thick  (hundreds  of  A)  elemental  Te°  layers  on  several 
chemically  processed  device  surfaces.  These  surfaces  are  shown  to  pro- 
duce exceptionally  low  surface  leakage  currents  at  77°K  which  suggests 
that  Te°  may  be  a surface  passivant  for  Pb^_xSnxTe.  A dimensional 
analysis  model  has  been  developed  which  seems  capable  of  estimating  sur- 
face and  bulk  contributions  to  leakage  currents. 
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The  surface  properties  of  compound  semiconductor  infrared  detectors 
often  limit  device  performance.  The  passivation  of  compound  semiconductor 
surfaces  represents  a substantial  problem,  at  least  in  part  due  to  the  in- 
creased complexity  of  surface  chemistry  which  can  occur  in  a multicomponent 
system.  The  Pb^_xSnxTe  system  is  among  those  infrared  detector  materials 
which  frequently  exhibit  marked  surface  leakage  problems. 

If  correlations  of  surface  chemistry  and  device  performance  can  be 
obtained,  one  can  hope  to  reduce  surface  leakage  problems  by  a systematic 
method.  The  work  reported  herein  will  describe  an  approach  which  we  believe 
establishes  a potential  surface  passivant  for  Pb^_xSnxTe  devices  operated 
at  77°  K. 

2.2  EXPERIMENTAL 

We  have  used  ESCA  to  examine  the  surface  chemistry  of  several 
Pb^SnJe  surfaces.  Our  spectrometer  is  the  Hewlett-Packard  5950A  instru- 
ment. The  photoelectric  excitation  is  achieved  by  using  monochromatic  AIK^ 

radiation  (hv  = 1486.6  eV).  All  measurements  were  made  within  15°C  of  room 

-8  -9 

temperature  at  pressures  in  the  10  to  10  to rr  range.  Depth  profiles 
of  several  surfaces  were  obtained  by  sputtering  with  1 keV  Ar+  ions. 

To  interpret  the  ESCA  data  on  Pb^_x$nxTe  surfaces  it  was  necessary 
to  accurately  determine  the  binding  energies  (Eg)  of  Pb,  Sn,  and  Te  photo- 
electron lines  in  several  reference  compounds.  Various  compositions  of 
the  Pb1_xSnxTe  solid  solution  system  were  studied.  The  composition  of  these 
samples  was  determined  from  lattice  constant  measurements.  The  lattice 
constants  of  PbTe  and  SnTe  were  found  to  be  6.462  and  6.318A  respectively 
(in  reasonable  agreement  with  literature  values)1’2  and  for  the  compositional 
analysis  a linear  interpolation  was  assumed.  Samples  of  Pb,  Sn,  Te,  and 


4 


Science  Center 

Rockwell  International 

SC5016.7FR 


TeC^  were  also  studied.  These  samples  were  from  various  sources  and  were 
of  reagent  grade  purity  or  better.  In  addition,  a solid  solution  specimen 
with  the  composition  Pb  g^Te  gg  was  prepared  by  quenching  from  the  melt; 
this  sample  was  determined  to  be  single  phase  by  X-ray  powder  diffraction 
photography. 

Sample  charging  can  be  a major  problem  when  determining  binding 
energies  of  insulators.  It  was  experimentally  determined  that  none  of  the 
reference  samples  (except  TeC^)  were  affected  by  charging.  This  was  done 
by  flooding  the  sample  surface  with  low  energy  electrons  (0-10  eV)  and  ob- 
serving the  absence  of  peak  shifts. 

It  is  often  difficult  to  obtain  completely  reproducible  surface 
properties  on  Pb,  Sn  Te  materials  even  when  these  materials  are  processed 

i " a A 

by  supposedly  identical  procedures.  Thus  it  was  decided  to  perform  electri- 
cal and  surface  chemical  measurements  on  a single  surface  with  the  hope  of 
partially  avoiding  this  problem.  Because  the  spatial  resolution  of  the  ESCA 
technique  is  poor  (typically  1mm  is  analyzed),  large  area  diode  arrays 
have  been  fabricated  for  this  purpose.  These  arrays  were  produced  from 
liquid  phase  epitaxially  grown  material3  and  the  heterojunction  diodes  were 
similar  to  those  previously  reported.4  The  array  dimensions  are  = 0.76cm  x 
0.76cm  and  the  layer  thickness  is  ^ 0.5mm.  Two  slightly  different  arrays 
have  been  used;  a photograph  of  one  of  these  arrays  is  shown  in  Fig.  1. 

The  array  contains  rows  of  equal  numbers  of  large  and  small  diodes  (63  of 
each).  The  diodes  differ  in  area  by  roughly  an  order  of  magnitude;  a high 
magnification  photograph  of  some  of  the  diodes  is  shown  in  Fig.  1(b).  There 
are  two  large  areas  to  facilitate  ESCA  measurements.  The  array  is  fabricated 
so  that  one  of  these  areas  is  a PbTe  surface  while  the  other  is  Pb  gSn  ^Te. 

The  entire  surface  is  processed  simultaneously.  Diodes  are 


5 


‘ $ 4HB 

' W&Si'ZI 

1 Jg 

Science  Center 

Rockwell  International 

SC5016. 7FR 


positioned  on  both  sides  of  the  large  ESCA  measurement  areas.  The 
uniformity  of  diode  characteristics  as  a function  of  position  in  the 
array  indicated  that  the  diode  surfaces  and  large-area  surfaces  had 
the  same  average  surface  chemistry.  Electrical  measurements  are 
facilitated  by  probing  Au  contacts  which  are  electroplated  on  the  diode 
mesa  tops.  The  entire  diode  array  can  then  be  chemically  reprocessed 
to  change  the  surface  chemistry  presumably  without  altering  the  bulk 
device  characteristics. 

2.3  ESCA  RESULTS 

A 0-1000  eV  scan  of  a Pb  38Te  samP^e  which  had  been  cleaned  by 
Ar+  sputtering  is  shown  in  Fig.  2(a).  The  most  intense  and  narrowest 
photoelectron  lines  associated  with  Pb,  Sn,  and  Te  are  the  4f,  3d  and  3d 
respectively  (these  levels  all  have  large  spin-orbit  splittings).  The 
binding  energies  for  the  Pb,  Sn  Te,  Pb,  Sn  and  Te  samples  were  determined 

X “A  A 

with  an  accuracy  of  ±0.1  eV;  these  data  are  given  in  Table  I.  The  sample 
surfaces  were  initially  cleaned  by  sputtering.  The  line  intensity  ratios 
(Pb  "^5/2  anc*  3dg/2/Te  Sd^)  were  determined  for  the  six 

members  of  the  Pb^Sn^e  solid  solution  system  mentioned  in  Table  I.  To 
within  * 10%  these  ratios  remained  constant  throughout  the  entire  system. 
After  subtracting  a background  function  which  was  proportional  to  the  in- 
tegrated area  of  the  photoelectron  peak,  the  line  shapes  were  found  to  be 
symmetrical  (except  for  a small  high  binding  energy  shoulder  which  some- 
times was  detectable  on  the  Sn  3d5^  line  and  which  appeared  to  be 
associated  with  a small  amount  of  oxygen  on  the  surface).  The  above 
analysis  of  line  intensities  and  shapes  indicated  that  preferential  sputter- 
ing, which  might  be  expected  from  momentum  transfer  considerations,  is  not 
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Fig.  2 (a)  ESCA  spectrum  of  Pb  g2$n  3g^e  specimen  which  had  been  cleaned  by 

sputtering.  Major  photoelectron  lines  are  identified;  (b)  ESCA 
spectrum  of  PbTe  specimen  which  had  been  etched  in  20%  HN03  for  98 
min  at  24° C (surface  was  not  sputter  cleaned). 
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TABLE  I.  Experimentally  Measured  Binding  Energies  and  Linewidths  of 
Pb  4f 7/p , Sn  3d5/2  and  Te  3d(-/?  for  Several  Samples3 
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a major  problem  in  the  Pb^Sn^Je  system  for  the  sputtering  conditions 
used  in  this  work. 

Because  of  its  composition,  the  Eg  of  Te  3d^2  in  Pb  Q4Te  96  was 
assumed  to  be  identical  to  that  observed  in  Te°;  this  fixed  Eg  for  Pb  4f ^2 
in  this  solid  solution.  To  control  charging  effects  in  the  Te02  sample,  it 
was  necessary  to  flood  the  surface  with  10  eV  electrons.  The  energy  separation 
observed  between  the  0 ls^2  and  Te  3d^^2  peaks  in  Te02  is  45.70  eV.  Sur- 
faces of  Te  and  PbTe,  which  contain  very  thin  (a  few  A)  oxide  layers  of  Te 
oxide,  do  not  exhibit  charging  problems.  The  Eg  of  Te  3dg/2  in  the  oxide 
on  these  surfaces  is  the  same  to  within  experimental  error  (±0.1  eV);  also, 
the  energy  separation  between  the  Te  3d^2  (oxide)  peak  and  the  0 ls^2 

peak  is  the  same  as  observed  in  Te02  to  within  experimental  error  (+0.2  eV). 

4+ 

We,  therefore,  use  this  information  to  identify  the  presence  of  Te 
[ (presumably  as  Te02)  on  several  Pb^_xSnxTe  surfaces  and  to  establish 

Eg  = 576.39  ±.2  eV  for  Te  3d^2  in  Te02;  Eg  of  0 ls^2  in  Te02  is  thus 
530.69  ±0.2  eV.  The  presence  of  Te02  on  Te°  surfaces  agrees  with  macro- 
scopic oxidation  studies  of  Te°  which  show  that  the  oxide  phase  is  Te02.s 

One  of  the  most  interesting  ESCA  observations  on  Pb^Sn^Je  surfaces 
subjected  to  chemical  treatments  has  involved  the  identification  of  thick 
Te°  layers.  This  identification  is  made  from  the  value  of  the  chemical 
shift  (note  that  Eg  for  Te  is  nearly  constant  throughout  the  entire 
Pbi_xSnxTe  system  (Table  I)), and  from  the  fact  that  in  some  cases  Pb  and 
Sn  are  so  strongly  depleted  that  the  surface  composition  itsel*  rules  out 
almost  everything  but  Te°.  As  an  example,  ESCA  data  on  a PbTe  sample  which 
had  been  etched  for  98  min  in  20%  HNOg  (at  24°C)  is  shown  in  Fig.  2(b).  By 
comparison  with  Fig.  2(a),  it  is  observed  that  all  photoelectron  lines 
associated  with  Pb  are  missing. 
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In  Fig.  3 ESCA  data  in  the  region  of  the  Te  3d  lines  are  shown  for 
several  samples.  The  sample  used  to  obtain  the  data  snown  in  Fig.  3(a)  was 
PbTe  which  had  been  etched  in  F^SO^.  Three  sets  of  Te  3d  lines  are  clearly 
visible  in  this  spectrum.  Figs.  3(b),  (c),  and  (d)  show  ESCA  spectra  of 
PbTe,  Te°,  and  Te02  respectively.  By  comparing  these  spectra  with  the  data 
of  Fig.  3(a),  it  is  clear  that  the  F^SO^  treated  surface  of  PbTe  has  a 
small  amount  of  Te^+,  and  roughly  equal  amounts  of  Te°  and  Te^~  within  the 
analyzed  depth  (**  15A).  Me  have  observed  Te°  on  surfaces  of  Pb^  xSnxTe 
samples  which  have  been  etched  in  several  different  acids  (e.g.,  HF,  HNO-j, 
H^SO^,  and  the  Coker  HBr-Br^  etch6  which  is  commonly  used  in  device  fabrica- 
tion). The  observation  of  a Te-rich  layer  on  Pb  gSn  2Te  following  a HBr-Br2 
etch  has  also  been  made  by  Auger  spectroscopy  but  direct  evidence  for  the 
chemical  state  of  Te  was  not  obtained.7 

To  obtain  some  insight  into  how  the  Te°  layer  is  formed,  a series  of 
experiments  was  carried  out  on  a PbTe  specimen  which  was  etched  in 
several  concentrations  of  HNO-j  for  various  lengths  of  time.  To  minimize 
the  possibility  that  crystal  imperfections,  impurities,  carrier  concentra- 
tion etc.  might  influence  the  results,  the  same  crystal  was  used  for  all 
treatments  (after  each  etch  the  surface  was  cleaned  by  Ar+  sputtering).  To 
determine  the  Te°  layer  thickness,  the  sputtering  rate  was  calibrated  by 
sputtering  a highly  polished  sample  of  Te°  and  measuring  the  resulting  step 
height  in  an  interference  microscope  (the  sputtering  rate  was  1,5  2lA/min). 

The  data  in  Fig.  4 show  an  example  of  the  change  in  line  shape  and 
position  as  one  sputters  through  a typical  Te°  layer.  The  Te  3d^2  peak 
first  broadens  and  then  shifts  to  lower  Eg  as  the  Te°  is  removed.  On  a 
fairly  thick  (on  the  order  of  IQOOA)  Te  layer,  the  broadened  Te  3d5^2  peak 
exists  for  several  hundred  A which  provides  a rough  idea  of  the  uniformity 
in  layer  thickness. 
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BINDING  ENERGY  <eV> 

Fig.  3 ESCA  spectra  In  region  of  Te  3d  lines  of  (a)  PbTe  which  had  been 

etched  In  * 17%  H2S04  for  10  min  at  35°C,  (b)  PbTe  (sputter  cleaned), 
(c)  Te  (sputter  cleaned),  (d)  Te02< 
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In  Fig.  5 we  have  collected  the  results  of  our  HNOg  etching  experi- 
ments. We  have  defined  the  average  layer  thickness  as  the  sputtering  depth 
at  which  the  Te  3d5^  1ine  intensities  from  both  Te°  and  Te2"  are  roughly 
equal.  One  observes  that  the  rate  at  which  the  layer  builds  up  is  very 
dependent  on  the  acid  concentration  and,  for  the  one  point  investigated,  is 
also  very  dependent  on  temperature. 

Unfortunately,  Eg  of  Pb  4f^2  in  PbTe  is  almost  identical  to  that 
observed  in  the  solid  solution  Pb  Q^Te  (Table  I).  This  makes  it  difficult 
to  conclude  whether  or  not  the  Te°  layer  contains  small  amounts  of  Pb.  As 
the  layer  is  sputtered  away,  the  Pb  4f ^2  intensity  begins  to  increase;  how- 
ever, by  the  time  the  intensity  reaches  * 15%  of  the  intensity  observed  in 
PbTe,  a definite  low  Eg  shoulder  is  observed  on  the  Te  3d^2line.  This  sets 
a crude  upper  limit  of  15%  on  the  amount  of  Pb  contained  in  the  Te°  layer; 
however,  the  actual  Pb  concentration  in  this  layer  is  probably  considerably 
less  (if  any). 

Assuming  that  the  Te°  is  being  formed  by  a chemical  reaction,  as  it 
appears  to  be,  it  is  curious  why  the  reaction  is  not  stopped  as  soon  as  a 
very  thin  layer  of  Te  is  formed,  i.e.,  what  is  the  source  of  the  new  Te? 

To  investigate  this  question,  we  examined  a Te°  surface  on  PbTe  at  high 
magnification  in  the  SEM.  The  sample  used  for  this  purpose  was  initially 
cleaned  by  sputtering  through  a mask  before  etching  in  HNOg.  The  native 
oxide  present  on  the  unsputtered  surface  is  found  to  significantly  reduce 
the  rate  at  which  Te°  is  formed.  In  Fig.  6 we  show  a high  magnification 
photo  of  this  surface  in  the  region  of  the  sputtered/unsputtered  inter- 
section (the  darker  region  which  has  a considerably  thicker  Te°  layer  is 
the  sputtered  area).  The  Interesting  observation  is  the  larger  number  of 
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Fig.  5 Average  Te°  layer  thickness  built  up  on  PbTe  as  a function  of  etching 
time  for  various  concentrations  of  HN03. 
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Fig.  6 SEM  micrograph  of  Te°  layer  produced  by  etching  PbTe  for  20  min  in 
25%  HNO-j  at  23°C.  1 micron  scale  is  indicated  in  photograph. 
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pits  on  the  Te  layer  in  the  sputtered  region.  If  these  pits  extend  to  the 
PbTe  substrate  they  may  provide  the  source  of  new  Te  required  to  build  up  the 
thick  layers.  In  an  independent  measurement  we  determined  the  dislocation 
density  (=»  2xl0',cm^)  in  this  PbTe  sample.  Within  a factor  of  =“  3 this 
correlates  with  the  pit  density  observed  on  the  Te°  layer  and  may  explain 
the  origin  of  the  pits. 

2.4  CORRELATION  CF  I-V  AND  ESCA  DATA 

The  total  diode  leakage  current  can  be  described  in  terms  of 
both  bulk  and  surface  currents  which  are  proportional  to  the  device 
area  and  perimeter  respectively.  Contributions  to  the  bulk  current 
arise  from  the  diffusion  of  minority  carriers  to  the  depletion  region, 
the  generation  and  recombination  of  carriers  in  the  depletion  region, 
tunneling  through  the  depletion  region,  and  defects  shunting  the  depletion 
region.  The  surface  currents  arise  from  generation-recombination  currents 
at  surface  inversion  and/or  depletion  regions,  tunneling  currents  at 
surface  junctions,  and  current  through  surface  defects.  When  the  sur- 
face current  contribution  can  be  minimized,  it  has  been  observed8  that 
PbSnTe  heteroj unction  devices  have  bulk  diffusion  and  generation-recom- 
bination currents  that  dominate  the  total  diode  leakage  current. 

By  using  the  diode  array  structure  described  in  Section  2.2,  we  have 
carried  out  several  measurements  aimed  at  correlating  ESCA  determinations  of 
surface  chemistry  with  surface  leakage.  The  general  approach  has  been  to 
process  the  diode  array  described  above,  measure  the  I-V  characteristics 
and  determine  the  surface  chemistry  with  ESCA.  By  reprocessing  the  array, 
it  is  possible  to  alter  the  surface  chemistry  while  leaving  the  bulk 
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characteristics  unaffected.  Both  I-V  and  ESCA  data  were  obtained  after 
each  sequential  reprocessing  step.  The  results  of  some  of  these  measure- 
ments on  three  different  diode  arrays  are  summarized  in  Table  II.  The  number 
distribution  of  leakage  currents  of  a given  diode  size  is  usually  skewed 
toward  large  leakage  currents.  We  assume  that  the  poorest  diodes  have  some 
major  flaw  (e.g.,  cracks,  metal  inclusions,  etc.)  and,  therefore,  to  obtain 
an  average  leakage  current  characteristic  of  the  defect-free  parts  of  a 
given  diode  array,  it  is  necessary  to  reject  these  observations.  This  has 
been  done  first  by  rejecting  measurements  on  those  diodes  which  have  obvious 
visible  defects  and  second  by  applying  a statistical  rejection  criterion 
which  eliminates  measurements  outside  a certain  multiple  of  the  probable 
error  for  a single  measurement.  For  this  purpose  we  have  adapted  the  typical 
data  rejection  procedure  which  is  described  in  many  standard  texts  (see 
e.g..  Ref.  9).  This  rejection  criterion  is  obviously  arbitrary;  we  find 
that  data  rejection  at  38  2.5  -*■4.0  probable  errors  brings  the  median  and 
mean  values  of  the  current  distribution  into  reasonable  agreement  and  the 
values  for  leakage  currents  shown  in  Table  II  are  consistent  with  this 
criterion.  As  an  example  of  the  sensitivity  of  the  average  leakage 
currents  to  this  data  rejection  procedure,  in  Fig.  7 we  show  the  variation 
in  the  average  (and  median)  leakage  currents  of  the  50  small  diodes  which 
were  analyzed  on  array  #6-313A  as  a function  of  the  data  rejection 
criterion. 

The  effect  on  the  diode  leakage  currents  of  several  array  processing 
steps  is  indicated  in  Table  II.  In  addition,  the  nature  of  the  Te  on  the 
surface  as  determined  from  ESCA  measurements  is  also  given.  The  "acid  clean- 
up etch"  mentioned  in  the  table  has  been  discussed  by  Andrews ;10  the  Norr  etch 
is  described  in  Ref.  11.  From  the  table  one  observes  a very  strong  correla- 
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the  other  2 arrays,  they  were  measured  at  -250mV. 
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Fig.  7 Variation  in  average  and  median  diode  leakage  currents  observed  for 
diode  array  #6-313A  as  a function  of  the  data  rejection  criterion 
discussed  in  text,  (a),  (b)  and  (c)  correspond  to  the  3 processing 
steps  referred  to  in  Table  II.  Numbers  in  parenthesis  are  the  per- 
centage of  data  rejected  at  each  point. 
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tion  between  the  presence  of  thick  Te°  layers  on  the  surface  and  low  leakage 
devices  which  suggests  that  at  77°K,Te°  is  a potential  surface  passivant  for 
Pbi  xSnxTe  devices.  It  is  interesting  to  note  from  the  table  that  in  the 
case  of  array  #5-270A, low  leakage  devices  were  obtained  after  initial  process- 
ing to  obtain  a thick  Te°  surface  layer.  This  layer  was  then  removed  by 
sputtering  with  1 keV  Ar+  and  the  leakage  currents  increased  markedly.  The 
low  leakage  characteristics  were  essentially  restored  by  again  applying  a 
Te°  layer  to  the  surface. 

It  would  be  useful  to  extract  surface  and  bulk  contributions  to  the 
leakage  currents  in  order  to  assess  how  well  a given  surface  is  passivated. 

For  this  purpose  we  have  developed  a simple  dimensional  analysis  model  which 
seems  capable  of  providing  this  separation.  At  a fixed  small  reverse  bias 
we  assume  that  the  leakage  current  can  be  expressed  as 

i = SP  + BA 

where  S is  a surface  leakage  parameter  (current/length),  P is  the  junction 
perimeter,  B is  a bulk  leakage  parameter  (current/area)  and  A is  the  junc- 
tion area.  We  assume  that  P and  A are  defined  by  the  etched  mesa  sizes. 

The  diode  arrays  described  herein  contain  two  different  size  diodes;  thus  we 
solve  two  simultaneous  equations  of  the  type  shown  above  to  obtain  S and  B. 

The  same  statistical  data  rejection  criteria  as  was  discussed  above  is 
applied  in  the  analysis.  As  an  example,  in  Fig.  8 we  show  how  S and  B vary 
with  data  rejection  criteria.  We  note  that  the  values  of  S and  B are  not 
overly  sensitive  to  data  rejection  at  *=  2.5  -*  4.0  probable  errors.  In  Table 
III  we  give  values  of  S and  B derived  from  data  for  the  diode  array  #2- 1 32C 
(which  is  the  only  case  in  which  a detailed  analysis  has  been  applied).  It 
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Fig.  8 Surface  and  bulk  leakage  parameters  derived  from  data  on  diode 

array  #2- 132C  (after  the  initial  acid  clean-up  etch)  as  a function 
of  the  data  rejection  criteria  discussed  in  text.  Dashed  line 
shows  the  percentage  of  total  data  which  have  been  rejected  at  each 
point  (right-hand  scale). 
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TABLE  III.  LEAKAGE  CHARACTERISTICS  FOR  ARRAY  #2-132C 


TREATMENT 

S(ma/cm)a 

B(ma/cm2)a 

Norr  etch; 

acid  clean-up  etch 

0 ± 1 

1750  ± 200 

Exposed  to  air 
for  few  hours 

-1  ± 1 

1850  ± 350 

H2O2  based  etch 

80  ± 15 

2300  ± 1300 

Norr  etch; 
9%  HN03 

27  ± 8 

2700  ± 1300 

a)  Based  on  2.5  — 4.0  probable  error  data  rejection 
criterion  described  in  text.  S & B were  evaluated 
at  77° K and  -250mV  bias. 
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is  interesting  to  note  that  in  the  first  two  treatments  where  the  surface 
has  a thick  Te°  layer,  the  surface  leakage  parameter  is  very  small.  It  is 
also  interesting  to  note  that  although  the  average  diode  leakage  currents 
change  markedly,  the  B parameter  remains  relatively  insensitive  to  surface 
treatment. 

2.5  DISCUSSION  AND  CONCLUSIONS 

The  observation  of  Te°  layers  produced  by  etching  Pb^Sn^e  with 
acids  has  been  mentioned  previously  in  the  literature,12  although  no  detailed 
discussion  has  been  reported.  Considerably  more  work  on  the  formation  and 
characterization  of  Te°  layers  on  CdTe  has  been  reported.12'1 5 Considering 
these  results  and  our  current  observations,  it  seems  quite  likely  that  the 
formation  of  Te°  layers  on  semiconductor  tellurides  during  certain  acid 
etching  procedures  is  a fairly  common  occurrance. 

Several  studies  aimed  at  passivation  of  Pb^Sr^Te  surfaces  have  been 
carried  out  with  limited  success.  We  believe  the  current  work  is  the  first 
to  identify  a specific  relationship  between  surface  chemistry  and  surface 
leakage.  Some  previous  observations  may  be  explained  in  view  of  the  current 
results.  For  example,  the  observation  that  treating  Pb^_x$nxTe  surfaces  with 
mildly  acidic  solutions  of  EDTA  sometimes  resulted  in  device  impedance  im- 
provement might  be  the  result  of  Te°  layer  formation.16 

The  results  reported  here  indicate  that  the  presence  of  Pb,  Sn,  and 
Te  oxides  on  Pb^_xSnxTe  surfaces  almost  always  produces  high  leakage  currents. 
The  role  of  the  elemental  Te  layer  in  passivating  these  surfaces  needs  to  be 
established.  One  possibility  seems  to  be  that  surface  states  introduced  by 
the  oxides  are  removed  at  the  Te°-Pb1_xSnxTe  interface.  If  the  mechanism  of 
passivation  could  be  established,  one  might  hope  to  find  even  better  surface 
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passivants  than  the  Te°  discussed  here.  This  could  become  crucial  as  devices 
with  improved  bulk  leakage  properties  are  produced  or  at  temperatures  below 
77° K where  bulk  junction  resistance  increases  rapidly. 
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3.0  ADDITIONAL  RESEARCH  RESULTS 

3.1  OBSERVATIONS  OF  Te°  LAYERS  ON  SEMICONDUCTOR  TELLURIDES 

Elemental  tellurium  layers  have  been  observed  previously  on 

12  IT 

CdTe  after  acid  etching  by  Zitter  and  by  de  Nobel  . In  the  course 

of  our  studies  we  have  also  observed  these  layers  on  SnTe,  CdTe,  and 

Hg  gCd  2Te  in  addition  to  the  data  on  PbTe  shown  in  the  previous  section. 

In  Fig.  9 we  show  XPS  spectra  of  Te°  layers  on  SnTe  and  CdTe  which  were 

prepared  by  etching  in  HNOg.  Table  IV  tabulates  some  of  our  results  on 

Te°  layer  thickness  which  were  formed  on  the  surfaces  of  these  compounds. 

The  layer  thickness  was  determined  by  controlled  Ar+  ion  sputtering  as 

described  in  the  previous  section.  Hall  effect  measurements  were  carried 

out  on  the  SnTe  sample  which  showed  that  it  was  p-type  with  a carrier 

19  -3 

concentration  of  ~ 3x10  cm  . Thus,  one  interesting  observation  from 
the  table  is  that  Te°  layers  form  on  members  of  the  Pb^_xSnxTe  system  of 
both  carrier  types.  In  another  experiment  T1  was  diffused  into  a n-PbTe 
substrate  to  convert  the  surface  to  p-type.  The  Te°  layer  thickness 
formed  on  this  surface  compared  to  a surface  which  was  not  diffused 
shows  that  the  thickness  varied  by  more  than  an  order  of  magnitude; 
this  suggests  that  the  Te°  formation  mechanism  may  depend  on  carrier 
type. 

The  surface  morphology  of  Te°  layers  on  n-PbTe  and  p-SnTe  varies 
markedly  as  can  be  seen  in  the  SEM  micrographs  shown  in  Fig.  10.  It  is 
not  known  yet  if  this  morphlogy  is  correlated  with  carrier  type,  but  in 
either  case  it  is  clear  that  the  etchant  (in  this  case  HNO^)  has  possible 
direct  access  to  the  substrate  material  and  thus  all  results  to  date  are 
consistent  with  a chemical  mechanism  for  the  Te°  layer  formation  rather 
than  some  other  mechanism  (e.g.,  solid-state  diffusion). 
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Figure  9.  Te°  layers  observed  on  Snfe  and  CdTe. 
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Fig.  10  SEM  Micrographs  of  Te°  Layers  on  PbTe  and  SnTe 
(1  A'm  scale  is  indicated  in  photograph). 
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Previous  studies  of  Te°  layers  on  CdTe  by  using  electron  diffraction 
have  established  an  amorphous  nature  of  the  Te°  layers.14  In  one  experiment 
we  etched  a sample  of  n-PbTe  for  16  hours  in  30%  HNO^  to  build  up  a thick 
layer  of  Te°.  Extrapolation  of  the  data  shown  in  Fig.  5 of  the  previous 
section  on  a log-log  plot  would  predict  a layer  thickness  of  ~ 5000A. 

X-ray  diffraction  measurements  carried  out  on  a powder  diffractometer 
failed  to  show  any  lines  associated  with  crystalline  Te  - a result  which 
we  interpret  as  being  consistent  with  an  amorphous  nature  of  the  Te°  layer. 

The  valence  band  density  of  states  observed  in  XPS  spectra  has  been 
shown ^ to  be  sensitive  to  the  amphorous  nature  of  Te  in  reasonable  agreement 

18  19 

with  theoretical  predictions.  ’ In  Fig.  11  we  show  valence  band  density  of 
states  of  crystalline  Te°,  Te°  formed  on  n-PbTe  and  Te°  formed  on  p-SnTe. 

The  marked  difference  in  the  valence  band  spectra  of  Te°  on  p-SnTe  is 
obvious  although  the  other  2 spectra  are  similar  to  within  the  accuracy 
of  the  data  currently  available  (the  data  shown  in  the  top  of  Fig.  9 and 
the  data  shown  in  the  bottom  of  Fig.  11  were  taken  on  the  same  surface). 

The  nature  of  the  amorphous  form  of  Te  is  poorly  known;  most  models  assume 
atomic  arrangements  composed  of  broken  chains,  n-membered  rings  or  some 
combination  of  both.  The  valence  band  density  of  states  observed  for  Te° 
on  SnTe  certainly  suggests  a form  of  Te  markedly  different  than  trigonal 
Te°.  It  is  not  known  at  present  whether  or  not  this  difference  in  valence 
band  density  of  states  correlates  with  the  marked  difference  observed  in 
surface  morphology  (Fig.  10). 
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Figure  11.  Valence  band  density  of  states  for  a)  cleaved  Te°,  and  Te° 
layers  formed  on  b)  PbTe  and  c)  SnTe. 
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3.2  OXIDES  ON  Pb]  Sn  Te  SURFACES 

The  nature  of  oxides  found  on  Pb^_xSnxTe  surfaces  is  known  to  strongly 

affect  leakage  characteristics  of  devices;  thus  we  would  like  to  be  able 

to  characterize  these  oxides.  The  approach  used  here  is  to  compare  XPS  spectra 

of  known  oxide  standards  with  oxides  observed  on  Pb^_xSnxTe  surfaces  in  order 

to  identify  oxidation  states.  This  approach  which  was  used  to  establish  the 

4+ 

oxidation  state  of  Te  as  Te  was  mentioned  in  the  previous  section. 

The  approach  relies  on  the  ability  to  obtain  XPS  spectra  of  relatively 
clean  well  characterized  standards.  While  this  was  possible  for  TeC^. 
the  study  of  Sn  and  Pb  oxides  proved  to  be  very  difficult.  The  main 
problem  arose  from  fluorine  contamination  of  the  oxide  surface  which 
formed  when  samples  were  heated  or  sputtered  in  the  high-vacuum  system 
to  remove  normal  surface  contamination.  The  source  of  F is  the  teflon 
seals  which  are  used  on  the  standard  Hewlett-Packard  5950A  ESCA  spectrometer. 
After  exhausting  most  seemingly  reasonable  methods  to  overcome  this  problem,  it 
was  finally  decided  to  completely  replace  the  sample  preparation  chamber 
and  inlet  system  with  a high-vacuum,  all  metal  seal  modification.  A 
photograph  of  this  modification  is  shown  in  Fig. 12.  The  long  bellows 
arrangement  which  replaces  the  standard  teflon  seals  is  clearly  seen  in 
the  photograph.  With  this  modification  we  are  now  able  to  heat  and  sputter 
insulating  samples  without  introducing  F contamination. 

Although  some  data  has  been  obtained  on  both  Sn  and  Pb  oxides,  only 
the  Sn  oxide  data  has  been  analyzed  in  any  detail  as  yet.  Commercially 
available  samples  of  SnO  and  SnC^  were  used  for  comparison  with  our  data. 

The  composition  of  these  samples  was  checked  with  x-ray  powder  diffraction. 
Various  heating  and  sputtering  conditions  were  used  to  clean  the  samples. 
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Fig.  12  All  metal  seal  high-vacuum  modification  of  Hewlett-Packard 
5950A  ESCA  spectrometer . Photograph  shows  new  sample  prep- 
aration chamber  and  bellows  system  which  replaces  teflon  seals. 
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The  absence  of  photoelectron  1 ines  associated  with  elements  other  than  Sn  and 
0 and  the  shape  (width  and  symmetry)  of  the  Sn  and  0 core  lines  was  used  to 
assess  sample  purity.  It  was  found  that  when  "clean  surfaces"  of  SnO  and 
SnC>2  were  obtained,  their  XPS  spectra  were  identical  (both  line  positions 
and  relative  line  intensities). 

It  is  possible  to  clean  the  surface  of  Te02  by  heating  the  sample  to 
s 160°C.  By  using  relative  line  intensity  data  for  Te02  coupled  with 
relative  line  intensity  data  in  SnTe  we  estimate  the  relative  cross-sections 
of  the  Sn  3d 5^/0  ls^  core  levels  to  be  « 4.5.  This  ratio  was  used  to 
establish  that  the  outer  surface  observed  on  both  SnO  and  Sn02  was  actually 
SnO;  actual  estimated  values  were  SnO  ^ and  SnO  The  alternative  of 
assuming  that  the  surface  of  Sn  oxides  was  really  Sn02  would  require  that 
the  surface  of  Te  oxide  have  a composition  of  TeO^  which  seems  unrealistic. 
The  cause  of  the  decomposition  of  the  Sn02  surface  layer  to  SnO  is  not 
presently  understood. 

The  Sn  3d5^  and  0 ls^  peak  positions  observed  in  SnO  are  486.7  and 

530.6,  respectively,  with  an  accuracy  of  +0.2  eV . To  within  experimental 

accuracy  these  binding  energies  correspond  to  binding  energies  observed  for 

oxidized  forms  of  Sn  on  Pb^_xSn^Te  surfaces  and  thus  we  conclude  that  the 

?+ 

most  probable  oxidation  state  of  Sn  on  Pb,  Sn  Te  surfaces  is  Sn“  . 

I “ A A 

Several  controlled  oxidation  studies  of  Sn,  SnTe,  Pb,  and  PbTe  have 
been  carried  out.  Although  the  data  have  not  been  fully  interpreted,  they 
show  some  striking  results.  In  all  cases  the  surfaces  were  cleaned  in  the 
XPS  high  vacuum  chamber  by  Ar+  sputtering  and  then  exposed  to  02  in  situ. 

The  marked  tendency  for  Sn  to  oxidize  preferential ly  is  dramatically 
demonstrated  in  Fig.  13  for  SnTe.  In  this  figure  XPS  data  in  the 
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vicinity  of  the  Sn  3d^and  Te  3d^  levels  is  shown.  The  analysis  depth 
at  the  photoelectron  kinetic  energies  being  observed  is  10-20A.  Figure  13 
shows  that  at  least  several  angstroms  of  Sn  oxide  are  formed  before  the  Te 
begins  to  oxidize.  Similar  preferential  oxidation  is  not  observed  on  PbTe. 
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3.3  SOME  INITIAL  XPS  MEASUREMENTS  ON  InAsn  ..Sb.. 

1 - x — X 

Until  recently,  epitaxial  layers  of  InAs1_xSbx  have  not  been 
available  so  that  attempts  to  correlate  device  behavior  with  surface 

composition  as  described  in  Section  2 for  Pb^Sn^e  have  not  been 
possible.  However,  the  effect  of  several  surface  treatments  on  the  surface 
composition  of  InAs^_xSbx  materials  has  been  studied  and  large  variations 
in  surface  stoichiometry  have  been  observed.  As  an  example  in  Fig.  14, 
we  show  XPS  spectra  in  the  regions  of  the  As3d,  Sb4d  and  In  4d  levels. 

The  data  are  for  InAs  g^Sb  ^ which  has  been  a)  sputter  cleaned,  b)  etched 
in  HC1 , and  c)  processed  by  several  steps  - the  last  one  being  a HNOg  etch. 
The  marked  variations  in  surface  stoichiometry  is  evident  in  the  figure. 

It  is  interesting  to  note  that  in  Fig.  14b  a large  excess  of  Sb  is  present 
while  in  Fig.  14c  an  As  excess  exists. 
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Figure  14.  Large  variations  in  surface  stoichiometry  resulting  from  processing  InAs 
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